To mitigate fouling of the ultrafiltration (UF) membrane and improve permeate quality, we coupled granular filters (GF) with UF membrane as a pre-treatment for reconstituted seawater in the presence of algal bloom. Mono and bilayer granular filtrations were led at a mean velocity of 10 m h À1 over a 7-hour period. Both GF gave the same algal cell retention rate (∼63%) after 7 hours of filtration.
INTRODUCTION
Population growth is putting increased demand on water for farming, household use and industrial use, whereas freshwater supply is limited. Estimates for 2030 show that current freshwater resources (groundwater, surfacewater, etc.) cannot hope to meet demand. The effects are already being felt and will become even sharper in arid regions that are already water-stressed (Service ). Seawater desalination emerged decades ago as an alternative solution to the crisis of industry overdrawing freshwater resources.
Desalination is increasingly being used around the world to provide people with needed freshwater, and already yields over 1% of global drinking water produced (Fievrez & Bonnélye ) . Two main desalination process technologies are currently in use: reverse osmosis (RO) and distillation, which drives 44% of global desalination capacity (Greenlee et al. ) . The choice between the two thermal processes (multi-flash or multi-effect) and RO essentially hinges on energy costs, quality of raw or desalinated water, and plant production capacity (Gaid & Treal ) .
RO processes have several advantages over distillation processes. First, RO can treat higher-salinity water than distillation. Furthermore, the energy consumption of RO is low, often making RO-process seawater desalination plants more profitable than distillation-process plants at equally large production capacities. However, RO requires heavy pretreatment steps to obtain water that is clear enough to not cause excessive clogging of the membranes. All RO seawater desalination plants are exposed to low-to-moderate concentrations of algae, but many plants are located in algal bloom-prone hotspots where concentrations can reach higher than 10 3 cells per mL (Edzwald & Haarhoff ) .
This makes pre-treatment prior to RO desalination a vital prerequisite (Voutchkov a, b) . As humic acids and alginates interact in the presence of salts and form aggregates, stock solutions containing only the dissolved and colloidal fraction of humic acids and alginates were prepared by filtering raw humic and alginate suspensions through granular filters (GF)/F-grade Whatman filters (0.7 μm). Table 2 reports the average characteristics of the reconstituted seawater produced from six reconstitutions and a comparison with a range of values for natural seawater (six different natural seawaters collected from different places around the world).
Selection of microalgae and simulation of the algal bloom
The pre-reconstituted seawater was doped with microalgae to simulate an algal bloom. For this, it was necessary to select and cultivate relevant micro-algae before adding it to the seawater. There are a number of species that can trigger algal blooms among which can be mentioned For each dilution, the algal culture had reached a steady state. At the moment when the biomass was collected, the mean daily growth rate was constant.
Porous media used in granular filtration
For the monolayer sand filter, the bed structure used for all tests 
where ε is estimated porosity. This relationship comes from the association of the Kozeny-Carman model (Carman ) with Poiseuille equation in a laminar flow in a tube. The average pore diameter values thus obtained were 84 μm for the sand and 125 μm for the anthracite.
Experimental setup used in granular filtration
The study was carried out using a lab-based pilot-scale granular filter. 
Membrane UF process
The UF system (VMA Industries, France) is presented in Figure 4 . This unit is equipped with a module of Polyvinylidene fluoride (PVDF) hollow fiber membranes (0.03 μm pore nominal diameter). Total membrane surface area is 0.28 m 2 and the external fiber diameter 1.8 mm.
The module enables external/internal dead-end filtration through the fibers. The operating conditions used for UF were close to those used in real-world desalination plants.
The permeate flux was fixed at a constant 100 L h À1 m
À2
with a maximum pressure of 2.8 bars. Each UF sequence (cycle) consisted of a 30 min filtration followed by a 5 s relaxation period, a 15 s backwash, and a final 5 s relaxation period. Fouling resistances were determined using Darcy's law:
where J is permeate flux (m 3 m À2 s À1 ), TMP (Pa) is transmembrane pressure, μ is dynamic viscosity of permeate (Pa s), and R t is total filtration resistance (m À1 ). R t is composed of three resistances in series:
where R m , R rf and R irf refer to the hydraulic resistance of the membrane, reversible fouling resistance and irreversible fouling resistance, respectively. Reversible fouling resistance is defined as the fouling resistance removed after backwash and irreversible fouling resistance is defined as the fouling resistance remaining after backwash ( Figure 5 ).
Analytical tools
Analyses were carried out on the feed and the filtrate at regular intervals (every 30 minutes) throughout filtration.
The controlled parameters at the inlet and outlet of the process are the turbidity, granulometric distribution of algae cells, concentration of the algae, total organic carbon (TOC), dissolved organic carbon (DOC), and specific UV absorbance at 254 nm.
The size distribution and concentration of the suspended algae is measured using a laser diffraction size analyzer (QICPIC, Sympatec, Clausthal-Zellerfeld, Germany) capable of analyzing particle sizes ranging from 1 micron to 2,000 microns. The bentonite used for reconstitution of seawater was also characterized using this technique. It consists of a LIXELL wet dispersion system through which the analyzed sample passes. Imaging was fixed at a frequency of 25 Hz during 240 seconds. Windox 5 software was then used to process the data in order to obtain the number of particles present in the sample stratified by size. Measurements were repeated 4 times for each sample and averaged to obtain a mean concentration. TOC and DOC were measured using the 680 W C combustion catalytic oxidation method with a Shimadzu TOC-L series analyzer after sample filtration at 0.7 μm. UV absorbance was measured at 254 nm on a UV/VIS spectrophotometer (Perkin Elmer). Turbidity was measured using a HACH 2,100AN Turbidimeter.
RESULTS AND DISCUSSION
Direct filtration on GF (monolayer and bilayer)
Comparison of the performances of the two GF
Reconstituted seawater was enriched with microalgae to obtain a concentration of 15,000 cells per mL. This suspension was used for filtration tests (mono or bilayer granular filtration and UF) alone or coupled.
At least three trials were performed with each of the sand filters (mono or bilayer). The efficiency of microalgae retention evolves in a similar way, with a fast drop at the beginning of filtration followed by a slower decrease 
where C 0 is feed microalgae concentration, Q is feed flow rate, C(t) is filtrate concentration at time t, with t 0 and t 1 corresponding to the beginning and the end of the filtration cycle. This stabilization occurs simultaneously with the stabilization of microalgae retention. DOC in the filtrate of the monolayer filter remained constant and close to feed DOC content whereas it appeared to decrease in the filtrate of The approach is based on considerations discussed below.
Assuming that microalgae are spherical with an average diameter d p of 16 μm, then knowing the accumulated quantity N ac of particles makes it possible to determine total volume V μalg occupied by the microalgae:
The interstitial volume can be calculated by the relationship: V pores ¼ ε Ω H, where ε ∼0.43 is the porosity estimated from the mass of sand and height of the filter bed (sand), Ω is filter cross-section (m 2 ) and H is height of bed (m).
The comparison between V μalg and V pores shows that the microalgae retained during filtration occupy an extremely low volume (1%) of the total pore volume available. Consequently, pressure loss in the filter should not theoretically increase significantly during filtration. We can thus assume that the increase in pressure can be assigned mainly to the presence of the cake in the first layers.
In the case of cake filtration, total resistance R is the sum of two resistances in series, i.e. resistance of the filter medium R f and resistance of the cake R c . Then, if ΔP is total pressure drop, ΔP c and ΔP m are the pressure drop in Figure 11 | Size distribution and concentration of micro-algae in the filtrate in granular filtration.
the cake and pressure drop in the porous medium (without cake), respectively. This gives:
As ΔP m does not vary significantly during filtration, it can be assumed constant and equal to the initial value of the pressure drop through the filter. 
where μ is dynamic viscosity of the liquid, L c is thickness of the cake, K c is permeability of the cake, and R c is resistance of the cake. The analogy between the Darcy's law and the Kozeny-Carman model for spherical particles gives:
If volume of microalgae accumulated in the cake is V μc and porosity in the cake is ε c , then:
Thus, relation (8) becomes:
Relation (10) has the form of a third-degree equation: 
One can then obtain the variation in cake porosity during filtration ε c (t) from the two functions R c (t) and V μc (t). Based on previous results (Plantier ) for the retention profile, the accumulated volume of microalgae in the cake was estimated at approximately 30% of total volume retained along the filter during filtration. Function ε c (t) is determined by this approach, and the results are shown in Figure 12 (a).
The 'specific cake resistance' r (m À2 ), defined as the ratio of resistance R c to thickness, can also be estimated. during filtration using the bilayer filter did not exceed 10% of the value read at the beginning of filtration.
There was no observable cake formation. This corroborates the previous assumption that the increase of pressure is attributed to cake build-up. The anthracite layer would therefore prevent cake formation and consequently reduce head loss. As the ratio of average anthracite diameter to average microalgae diameter is above 50, microalgae trapping in the pores of the anthracite layer is negligible, so the microalgae would be adsorbed (McDowell-Boyer et al. ; Benamar et al. ) . Only this adsorption phenomenon plays a major role in microalgae retention algae. However, the bilayer sand filter retains as many microalgae as the monolayer filter ( Figure 6 ). The absence of cake formation seems to be compensated by a greater adsorption capacity of anthracite compared to sand which would make it possible to retain as many microalgae as the cake when working with the monolayer filter.
Direct UF of reconstituted bloom
Filtration tests were also conducted by using UF without prior granular filtration. Algal suspensions (reconstituted seawater with microalgae) were used to directly feeding the UF system. These suspensions are identical to those used for the granular filtration. The reconstituted bloom clearly led to a rapid clogging of the membrane, and the filtration had to be stopped after 30 minutes because the maximum pressure (3 bars) recommended was reached.
The SDI is determined at 2.1 bars according to ASTM D-4189-95 standard (ASTM ). It is defined as follows:
With t 0 , the time required to filter the first 500 mL of the suspension (s), t f , the time (s) required to obtain 500 mL of permeate after a period of time equal to t T (min), usually Table 4 .
Interest of coupling a granular filter and an UF membrane Implementing GF with an UF membrane as a single process before the RO step for seawater desalination does not seem to be sufficient to maintain good productivity, especially in algal bloom periods. Indeed, the results obtained via this study show that the quality of the filtrates coming from mono or bilayer filters is not good enough for feeding RO membranes. We thus went on to investigate implementing a mono or bilayer filter upstream of the UF to evaluate the impact of this configuration on quality of the UF permeate and membrane fouling.
Quality of the waters produced
Overall filtrate of granular filtrations (∼200 L) was collected, characterized and transferred to the feed tank of the UF module ( respectively. Average TOC concentration of the permeate obtained after coupling the bilayer filter and UF was 3.9 ± 1.4 mgC L À1 , which is higher than the value found at the UF inlet (3.06 ± 0.09 mgC L À1 ) due to a outlier value for one of the permeate samples. Nevertheless, it appears that the amount of organic carbon which is retained by the UF membrane is rather small or negligible.
Membrane fouling
UF on the bilayer filter permeate continued for 14 cycles before reaching the maximum authorized pressure of membrane module, whereas UF on the monolayer filter permeate generated substantial membrane fouling and the maximum authorized pressure was reached after just two filtration cycles, i.e. in less than one hour of filtration (Figure 13(a) ).
Therefore, compounds such as microalgae and organic matter with a size higher than 0.7 μm could thus be the main drivers of monolayer filtrate fouling power. Fouling resistances were calculated over UF on the bilayer filter permeate. Average irreversible fouling resistance was low, at 1.7 × 10 11 ± 1.2 × 10 11 m À1 , so most of the fouling is reversible and accounts for 79% of total fouling resistance on average (Figure 13(b) ).
CONCLUSION
The results obtained here demonstrate similar performances of the two types of filters in terms of retention of algal cells.
However, the bilayer filter works without forming a surface cake and thus leads to a lower pressure drop than with the monolayer filter. Furthermore, fluidization of the porous Both bilayer filter and monolayer filter gave similar-quality permeate, but the monolayer-filter permeate was unable to go through more than a couple of UF cycles. Indeed, pre-treatment with a bilayer sand filter delays membrane clogging, which effectively increases the duration of UF.
Coupling the bilayer filter sand with UF might be an interesting pre-treatment system at the onset of an algal bloom.
However, the coupling can be improved, particularly in terms of granular filtering by optimizing the height ratios of the two layers. On the other hand, replacing anthracite with more adsorbent materials to improve the retention of dissolved organic matter could also delay clogging at the UF stage.
